The mechanism of renal handling of angiotensin II was studied in vivo in the renal circulation of the intact anesthetized dog and in vitro in whole blood using
C-5-Ile-angiotensin II, J-Asp-^I-angiotensin II, and d-Asp-125 I-angiotensin II. Seventy-five percent of a 600-pmole bolus of 14 C-angiotensin II was degraded in a single passage through the kidney as measured by radioactive tracer and radioimmunoassay techniques. The metabolic products were 14 C-5-Ile (59%), 5-Ile-8-Phe (15%), and 3-Val-8-Phe (2%); recovery of the injected radioactive material was 99%. The degradation rate of 14 C-angiotensin II in whole dog blood in vitro was only 17%/min. Similar metabolic patterns were seen in vivo and in vitro. Sixty-six percent of the injected Z-Asp-12o I-angiotensin II was metabolized, but only 23% of the d-Asp-12& I-angiotensin II was metabolized in a single passage through the kidney. These observations indicate that, under the conditions of these experiments, (1) angiotensin II is rapidly metabolized in the dog kidney by multiple enzymes, including an aminopeptidase, (2) circulating plasma enzymes do not account for the renal handling of angiotensin II, and (3) angiotensin II is not sequestered in the kidney.
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• Many proteolytic enzymes native to circulating blood (1, 2) and to several organs (3) (4) (5) are capable of attacking angiotensin II. Previous studies from our laboratories have demonstrated substantial losses of infused angiotensin II in a single passage through a number of vascular beds, including those of the hind limb (6) and the kidney (7) . The rate of disappearance is too rapid to be due to plasma angiotensinases alone. Whether these losses are due to enzymatic degradation, sequestration in blood vessel walls, or both is unclear. The present study was undertaken to further characterize the handling of angiotensin II by the dog kidney. J-Amino acid-substituted analogues of angiotensin II and a system which prevented recirculation of peptides through the kidney were used.
Methods
The metabolism of synthetic l-Asp- 14 C-5-Ile-angiotensin II ( 14 C-AII) (250 mc/mmole, New England
PEPTIDE CHARACTERIZATION
The purity of peptides was assessed by two-dimensional peptide mapping. Distilled water (50/xliters) containing either 0.2 fj.c (100 pmoles) of 14 C-AII or 0.5 pmoles of unlabeled l-J-Asp-5-Ile-angiotensin II were spotted in three applications on Whatman 3MM paper ( 4 6 x 5 7 cm). The sample was then subjected to descending chromatography in a butanol-acetic acidwater (4:1:5) system for 17 hours at 21°C. The paper was dried in room air for 4 hours and then subjected to electrophoresis in a second dimension at 4,000 v for 60 minutes in pyridine acetate buffer, pH 3.6. To identify unlabeled peptides, the paper was dried, dipped in 0.11% ninhydrin collidine solution, and heated to 70-80°C in a chromatography oven. To identify labeled peptides, the paper was cut into 1-inch squares and counted under a toluene-based scintillation fluid in a liquid scintillation counter (Packard). Each peptide produced a single ninhydrin-positive or radioactive spot.
To evaluate d-Asp-AII for racemization, d-Asp-AII and Z-Asp-AII were incubated with Ieucine aminopeptidase (40 ng, 185 units /mg) in 0.05M barbital 'The unlabeled peptides were donated by The CIBA Pharmaceutical Company, Summit, New Jersey. RENAL HANDLING OF ANGIOTENSIN II 501 buffer containing 2.5 DIM MgCl,, pH 8.5, for 60 minutes. Each reaction mixture was immediately lyophilized and subjected to amino acid analysis. 8he Z-Asp-AII digestion released aspartic acid in quantitative yield. The d-Asp-AII digestion produced no detectable free amino acids, indicating that there was no measurable /-Asp at the amino terminus of the peptide.
IODINATION PROCEDURE
d-Asp-AII and Z-Asp-AII were labeled with 126 I by the chloramine T method of Greenwood et al. (9) as modified by Nielsen et al. (10) . The procedures for iodination and purification of labeled peptides have been described in detail in a previous publication (11)-Over 95% of the labeled material was monoiodinated AIL Estimated specific activity of the monoiodinated species was 700 mc/yu,mole. The monoiodinated peptides were frozen with lysozyme (1 mg/ml) and stored at -20°C.
PREPARATION OF PEPTIDE STANDARDS
To identify possible degradation products of 14 C-AII, the peptide was digested with several enzymes and the products were subjected to peptide mapping as described previously. Trypsin, chymotrypsin, and carboxypeptidase A (DFP-treated) were used. Figure 1 summarizes the cleavages which should occur with these three enzymes. All enzyme incubations were carried out in 2 ml with 4 nmoles (2xlO* ! counts/min) of 14 C-AII at 37°C. Preliminary experiments in which samples of the reaction mixtures were removed at frequent intervals and analyzed indicated that the reactions went to completion in the incubation periods that were chosen. Trypsin (20 / New England Nuclear) was used as an additional standard. Monoiodinated Z-Asp-AII and cZ-Asp-AII (4 pmoles, 4 x 10" counts/min) were incubated with the enzymes described previously and with leucine aminopeptidase (40 ng, 185 units/mg) in 0.05M barbital buffer containing 2.5 ITIM MgCL, pH 8.5, for 60 minutes. Each reaction mixture was divided into samples and either frozen on acetone and Dry Ice and stored at -20° C or spotted on Whatman 3MM paper and subjected to electrophoresis at 4,000 v for 1 hour in pyridine acetate buffer at pH 3.6. The paper was dried, cut into 1-cm strips, and counted in a gamma counter. The stored samples were thawed and passed through a 0.9 X 100-cm column of DEAE Sephadex A-25 which was developed with 0.1N sodium phosphate buffer, pH 7.4, at room temperature. A 5-^liter sample of each 3ml fraction of column eluate was counted.
IN VIVO AND IN VITRO METABOLISM
Ten mongrel dogs of both sexes weighing 15-20 kg were anesthetized with sodium pentobarbital (30 mg/kg, iv), intubated with a cuffed endotracheal tube, and placed on a Harvard positive-pressure respirator. A femoral vein was isolated and cannulated for the infusion of additional anesthetic. The left jugular vein was exposed, cannulated with Tygon tubing, and connected to the output side of a Sigma Motor pump. The left kidney was exposed via an extraperitoneal flank incision, and the renal artery and vein were isolated. The dogs were then given heparin sodium (1000 units/kg, iv). The renal artery was occluded with a bulldog clamp, and the renal vein was rapidly (3 minutes) cannulated with Tygon tubing. The bulldog clamp was removed, and blood was allowed to flow from the renal vein through the Tygon tubing into a reservoir from which it was pumped into the dog's jugular vein at a rate adjusted to keep a constant level in the reservoir. A 23-gauge curved needle attached to a polyethylene catheter was placed directly in the renal artery for injection of labeled angiotensin II. Renal blood flow was determined by direct timed collection of the venous effluent in a graduated cylinder and was considered to be stable when three successive 1-minute collections varied by less than 10 ml. Blood was returned to the reservoir after each collection.
After renal blood flow had stabilized, control samples of renal venous blood were obtained; 15 ml of renal venous blood was collected in a flask containing 100 pmoles of 14 C-AII. The mixture was incubated at 37°C. Samples were removed at 30 seconds and 1, 2, 3, and 5 minutes and added to iced tubes containing 2.6 mM ethylenediaminetetraacetate (EDTA), 1.6 mM dimercaptol, and 3.4 mM 8-OH-quinoline (final concentration). The samples were spun immediately at 4°C in a refrigerated centrifuge, and the plasma fraction was removed and frozen. Control and experimental plasma samples were analyzed by the same techniques. 14 C-AII (600 pmoles) was injected as a single bolus into the renal artery of six dogs. ]25 I-AII (25 pmoles) was injected into the renal artery of two dogs and d-Asp-I25 I-AII (25 pmoles) was injected into the renal artery of two dogs. For 2.5 minutes following the injection, the renal venous outflow was collected in 15ml samples in iced flasks containing EDTA, dimercaptol, and 8-OH-quinoline as previously described. Plasma samples obtained from the systemic circulation during this period contained no detectable radioactivity, ruling out recirculation of appreciable amounts of peptides through the kidney.
The blood was immediately centrifuged at 4°C and the plasma removed. Samples of plasma were taken for determination of recoveries of radioactive material by liquid scintillation counting and of immunoreactive material by radioimmunoassay of All (7, 8) . In the 14 C-AII experiments, the remainder of the plasma was passed over 2 X 50-mm columns of Dowex 50W x-2 for concentration of peptides. The peptide concentration technique has been described in detail previously (12) . Recoveries from the columns were 90-95%. The eluates were lyophilized and subjected to peptide mapping as previously described. In experiments utilizing 125 Ilabeled peptides, unextracted plasma was subjected to high-voltage paper electrophoresis and column chromatography on DEAE Sephadex A-25 as previously described.
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FIGURE 2
Peptide map of 1 *C-A1I 1 1 4C-Ile, and standard peptide fragments generated by enzymatic digestion of tfC-AII or unlabeled AH. The sequence of each peptide is indicated in parentheses. Striped spots are radioactive; clear spots are ninhydrin positive. T = product of trypsin digestion, CPA = product of carboxypeptidase A digestion, ChT = product of chymotrypsin digestion. HVPEP = high-voltage paper electrophoresis and PC = paper chromatography. Figure 2 is a map of 14 C-AII, 14 C-Ile, and standard peptide fragments generated by enzymatic digestion of "C-AII. The resolution of the method allowed identification of each peptide by position; 95^ of all radioactivity applied to the map appeared in identifiable spots. Sensitivity of detection of a spot was 0.5% of the total radioactivity in the sample. fragments containing d-amino acids behaved the same as the corresponding all-i-peptides in both systems. When analyzed by both techniques, all of the small peptide fragments occupied positions distinguishable from one another and from AIL Many but not all of the probable peptide metabolites of AH were accounted for in these experiments. Products of partial aminopeptidase digestion and of simultaneous digestion by multiple enzymes, for instance, were not produced and identified. Table 1 summarizes the results of whole blood incubations of "C-AII in vitro. The half-life of 14 C-AII in this system was 3 minutes. All breakdown was only 17% in 60 seconds (the time required for most of the injected 14 C-AII to traverse the renal circulation). The tryptic (3-Val-8-Phe) and chymotryptic (5-Ile-8-Phe) peptides were generated after short incubation periods; isoleucine was the major product of prolonged incubation. Results from three experiments were reproducible within 10%. Figure 4 shows the appearance of labeled and immunoreactive material in the renal venous effluent in a representative experiment; 95% of the immunoreactive material and 82% of the labeled material appeared within 60 seconds of injection. The prolonged transit time was due to decreased renal blood flow secondary to angiotensin-induced vasoconstriction. The peaks of labeled and immunoreactive angiotensin II occurred at 30 seconds; the peaks of peptide metabolites and isoleucine appeared somewhat later. The larger peptide fragments appeared before isoleucine, suggesting stepwise "degradation of angiotensin II. Figure 5 is a peptide map from a representative in vivo experiment with 14 C-AII. The distribution of counts in the entire renal venous effluent is Circulation Research, Vol. XXXIU, November 1973 summarized. After a single circulation through the kidney, 22% of the radioactivity appeared as intact All, and 78% appeared as metabolites, including He (59%), 5-Ile-8-Phe (17%), and 3-Val-8-Phe (2%). All of the labeled spots on the map corresponded to peptide standards.
Results
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Results from the six experimental dogs in which 14 C-All was used are summarized in Table 2 . In each case almost 100% of the injected radioactive material was recovered, ruling out significant tissue In vivo metabolism of 'iC-AlI. The appearance of labeled and immunoreactive peptides in renal venous plasma are plotted against time after injection into the renal artery. Peptides are quantified as percenis of total radioactive Or immunoreactive material in renal venous plasma. For abbreviations, see Figure 3 . Renal metabolism in vivo of tiC-AII. Peptide map of 1! >Clabeled peptides collected in renal venous effluent following bolus injection of "iC-All into the renal artery. The quantity of radioactive material present in each spot is expressed as a percent of total radioactive material on the map. Abbreviations and standard peptides are the same as in Figure  2 . Outlines of peptide spots are schematic. 14 C-AII was metabolized to the in a single passage through the sequestration, extent of 75% kidney. The metabolic products were 14 C-Ue (59%), 5-Ile-8-Phe (15%), and 3-Val-8-Phe (2%). The pattern of metabolic products was similar to that in the in vitro experiments and suggests the effects of multiple enzymes. Total recovery of immunoreactive material from experiments 5 and 6 was 26.3% and 21.9%, respectively. This procedure was in excellent agreement with the peptide mapping technique by which 19.7% and 21.0% of total counts recovered appeared as angiotensin II in the same experiments. Figure 6 summarizes the results of a representative in vivo experiment with 125 I-AII and the distribution of counts in the entire renal venous effluent. Sixty-six percent of injected 125 I-AII was broken down in a single passage through the kidney. The metabolic products were 125 I-Tyr (54%) and l-Asp-4-Tyr (12%). Results from two experiments were reproducible within 10%. Analyses by electrophoresis and column chromatography were in close agreement. d-Asp-12s I-AII was more resistant to the metabolic effects of the renal circulation; 77% of injected d-Asp-125 I-AII survived the renal circulation intact (Fig. 7) . Only 23% of the radioactive material recovered was in the form of metabolites: 125 I-Tyr (21%) and l-Asp-4-Tyr (2%). Results from two experiments were reproducible within 5%. Due to the small molar quantity injected, no decrease in renal blood flow was observed after injection of 125 I-AII or d-Asp-12r >-I-AII.
Discussion
This study yielded chemical and immunologic evidence that angiotensin II is metabolized in the intact renal circulation of the dog at a rate that is too rapid to be due to plasma angiotensinases alone. The half-times for breakdown of angiotensin II were 3 minutes for whole dog blood in vitro and less than 1 minute (less than a single circulation time through the kidney in our preparation) for the canine renal circulation in vivo. The angiotensin IIdestroying capacity of dog kidney was large: 75% of a dose of angiotensin II circulating at 200 times physiological levels was degraded in a single passage. Renal metabolism in vivo of 1SB I-AII. Paper electrcrphoretic separation and column chromatography of ls5 I-labeled peptides collected in renal venous effluent following bolus injection of 1SS I-A1I into the renal artery. Abbreviations are the same as in Figure 3 .
The finding of extensive and rapid metabolism of angiotensin II in the intact renal circulation in vivo confirms the results of others (13-16) using bioassay techniques, Destruction of natural angiotensin II and synthetic a-(l-Asp-5-Val)-, a-(l-Asp-5-Ile)-, and l-Asn-5-Val-angiotensin II has been found in the kidneys of rat, rabbit, and dog. Isolated kidneys perfused with a plasma-free medium have been shown to inactivate angiotensin II (17) (18) (19) (20) , suggesting that the renal removal of angiotensin II does not depend on circulating angiotensinases. Studies in which bioassay techniques were employed did not differentiate between enzymatic breakdown and either receptor occupation or tissue sequestration as mechanisms for renal inactivation of angiotensin. The demonstration that renal removal of angiotensin can be suppressed by enzyme inhibitors favored an enzymatic mechanism (17, Renal metabolism in vivo of d-Asp-J85 I-AIl. Paper electrophoretic separation and column chromatography of 12 S Ilabeled peptides collected in renal venous effluent following bolus injection of "H-AII into the renal artery. Abbreviations are the same as in Figure 3 .
19)
. Experiments in which l-Asp-3 H-4-Tyr-5-Valangiotensin II of high specific activity was infused into isolated rat kidneys perfused with Krebsdextran solution showed a 67% inactivation of infused angiotensin II (20) . In this study, peptide metabolites were not specifically identified and quantified, and 17% of the radioactive material infused was not recovered.
In the present study, peptide metabolites of angiotensin II were identified and quantified after a single passage through the renal vascular bed of the dog. Results of these experiments suggest that a complex enzymatic mechanism is involved in the renal handling of angiotensin II in vivo. Most of the previous attempts to characterize the mechanism of action of renal angiotensinases have used cell-free extracts of renal tissue (5, (21) (22) (23) . The physiological significance of data obtained from such studies is difficult to evaluate, since artifacts may be introduced by disruption of cells. In the present study, the pattern of metabolites appearing in the renal venous effluent was similar to that seen in whole blood in which an aminopeptidase and an endopeptidase contribute to angiotensinase activity. The behavior of 1-d-Asp-angiotensin II in the renal circulation further implicates the participation of multiple enzymes. Only one-third as much 1-d-Aspangiotensin II as 1-Z-Asp-angiotensin II was destroyed in a single passage through the kidney. This finding indicates that the kidney metabolizes angiotensin II largely by an aminopeptidase mechanism with lesser participation by an endopeptidase. Additional support for this mechanism comes from experiments in which the amino terminus of angiotensin II was protected by conjugation with phenyl isothiocyanate-;i5 S (24). Following infusion of labeled phenyl isothiocyanate-35 S-angiotensin II into the intact dog, peptides which appeared to result from endopeptidase activity were found in the circulation.
Recovery of administered radioactivity from the renal venous effluent was complete in the present study, ruling out tissue binding or sequestration as important mechanisms of renal handling of angiotensin II under our experimental conditions. The finding by Bailie et al. (7) that significant amounts of 14 C-AII do not appear in renal hilar lymph or urine supports the view that metabolism takes place primarily in the vascular compartment. These experiments do not exclude circulating angiotensinases and tissue binding from contributory roles in the renal handling of angiotensin II. The dose of 14 C-angiotensin II which we administered was biologically active and caused renal vasoconstriction, presumably by combination with receptor sites on the arteriolar wall. The finding of complete recovery of administered radioactivity then suggests that angiotensin II was removed from receptor sites as part of the inactivation mechanism. The delay in appearance time between angiotensin II and its metabolites in the renal venous effluent may have been due to transient receptor occupation and elution. There is evidence that plasma angiotensinases may participate in this process. Reversal of angiotensin II tachyphylaxis in isolated aortic strip preparations has been shown after perfusion with plasma or blood but not with Ringer's solution (25, 26) . This reversal occurs with a-but not /3-Aspangiotensin II and has been attributed to removal of peptide from receptor sites by enzymatic destruction. The absence of plasma angiotensinases may explain the incomplete recovery of radioactivity in some experiments in which Ringer's solution was the perfusion medium (20) .
The role of tissue sequestration in the peripheral handling of angiotensin II has recently been stressed (27) . A decrease in pressor activity of angiotensin II in passage through the femoral arterial bed of the conscious dog has been related to delayed circulation due to profound arteriolar vasoconstriction. A vasodilating cofactor is effective in preventing these losses. The present study gave no evidence for sequestration of angiotensin II in the dog kidney, because (1) recovery of administered radioactivity was complete, (2) delayed release of intact angiotensin II was observed, and (3) 14 C-angiotensin II and 12B I-angiotensin II were metabolized in similar fashion despite large differences in the dose of peptide administered and the vasoconstrictor response induced.
